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#include <unistd.h>
 
void *sbrk(intptr_t increment);

����������program break����������brk�������������
���������������������

�����������������������increment������

�����������sbrk�����������������������������malloc
�����������������������malloc�����������printf�
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���������������sbrk������������malloc��������

✓ ���������� good utilization���������
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✘ ������������� somehat low throughput
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✘ �����������
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✘ ������������ low utilization��������������������
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#include <stdlib.h>
 
void *malloc(size_t size);
void free(void *p);
 
void *calloc(size_t count, size_t size);
void *realloc(void *p, size_t new_size);

malloc��������������������size������

free������������������������������������malloc

�������������������mmap����sbrk��������munmap

calloc�������������������malloc�������bzero

realloc����malloc�������memcpy�������free
��������������������� ��
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  

�����������������������Computer Systems: A Programmer’s Perspective��������������������
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� �����������������������malloc�����free

�����������������

� ���������������������������������������������������

� ����������free�������������������malloc�������

� ����������free���������������������������
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� malloc(�)�⇒�payload�������

� �����������������free����aggregate payload

Throughput���malloc�free��������������������

�����������
������������������������������
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  

� ���������free��������
�����������������������
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  

� ������������������������
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  

� ���������������������������������
��������������������
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  

� ������������������������������
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p1 = malloc(4)                  

p2 = malloc(5)                  

p3 = malloc(6)                  

free(p2)                  

p4 = malloc(2)                  
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� ���������free��������������������������������
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� ������������������������������������������������������
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p1 = malloc(4)     

p2 = malloc(5)          

p3 = malloc(6)                

free(p2)                

p4 = malloc(2)                  
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p1 = malloc(4)     

p2 = malloc(5)          

p3 = malloc(6)                

free(p2)                

p4 = malloc(2)                  

� ���������free��������
�����������������������

It doesn’t
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p1 = malloc(4)     

p2 = malloc(5)          

p3 = malloc(6)                

free(p2)                

p4 = malloc(2)                  

� ������������������������
������������

It isn’t
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p1 = malloc(4)     

p2 = malloc(5)          

p3 = malloc(6)                

free(p2)                

p4 = malloc(2)                  

� ���������������������������������
��������������������

Always add to the end
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p1 = malloc(4)     

p2 = malloc(5)          

p3 = malloc(6)                

free(p2)                

p4 = malloc(2)                  

� ������������������������������
��������

Nothing to track
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p1 = malloc(4)     

p2 = malloc(5)          

p3 = malloc(6)                

free(p2)                

p4 = malloc(2)                  

� ��������������������������
����������������

Every allocation
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�������������������������������������������������������������

#define ALIGNMENT 16
#define ALIGN(size) (((size) + (ALIGNMENT-1)) & ~(ALIGNMENT-1))

����

void *mm_malloc(size_t size) {
  return sbrk(ALIGN(size));
}
 
void mm_free(void *p) {
}

����

� ���������������������������������������

Some unallocated space can be left in a block for alignment
padding

�����
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p1 = malloc(4)       
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p1 = malloc(4)       

p2 = malloc(5)             

p3 = malloc(6)                   

free(p2)                   

p4 = malloc(2)                   
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��������������6�

p1 = malloc(4)       

p2 = malloc(5)             

p3 = malloc(6)                   

free(p2)                   

p4 = malloc(2)                   

� ��������������������������
����������������

When more is needed for an allocation
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������������������

#define CHUNK_SIZE (1 << 14)
#define CHUNK_ALIGN(size) (((size)+(CHUNK_SIZE-1)) & ~(CHUNK_SIZE-1))
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void *current_avail = NULL;
size_t current_avail_size = 0;
 
int mm_init() {
  current_avail = sbrk(0);
  current_avail_size = 0;
  return 0;
}

����
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void *mm_malloc(size_t size) {
  size_t newsize = ALIGN(size);
  void *p;
 
  if (current_avail_size < newsize) {
    sbrk(CHUNK_ALIGN(newsize));
    current_avail_size += CHUNK_ALIGN(newsize);
  }
 
  p = current_avail;
  current_avail += newsize;
  current_avail_size -= newsize;
 
  return p;
}

����
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�������������8�

p1 = malloc(4)         

p2 = malloc(5)                 

p3 = malloc(6)                         

free(p2)                         

p4 = malloc(2)                         
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�������������8�

p1 = malloc(4)         

p2 = malloc(5)                 

p3 = malloc(6)                         

free(p2)                         

p4 = malloc(2)                         

� ��������������������������
����������������

When the most recent page doesn’t
have space
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void *current_avail = NULL;
size_t current_avail_size = 0;
 
void *mm_malloc(size_t size) {
  size_t newsize = ALIGN(size);
  void *p;
 
  if (current_avail_size < newsize) {
    current_avail = mmap(0, CHUNK_ALIGN(newsize),
                         PROT_READ | PROT_WRITE, MAP_PRIVATE | MAP_ANON,
                         -1, 0);
    current_avail_size = CHUNK_ALIGN(newsize);
  }
 
  p = current_avail;
  current_avail += newsize;
  current_avail_size -= newsize;
 
  return p;
}

����
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                     0

p1 = malloc(4)                     1 0

p2 = malloc(5)                     1 1 0

p3 = malloc(6)                     1 1 1 0

free(p2)                     1 10 0

p4 = malloc(2)                     1 11 0 0
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                     0

p1 = malloc(4)                     1 0

p2 = malloc(5)                     1 1 0

p3 = malloc(6)                     1 1 1 0

free(p2)                     1 10 0

p4 = malloc(2)                     1 11 0 0
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It’s stored at the start of the block
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A bit in the block header distinguishes allocated from
unallocated
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Search the chain for a block that’s free
and big enough
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A block should be of size 2 or more to
be useful
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When a search through the chain
doesn’t find a free block that’s big
enough
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typedef struct {
  size_t size;
  char   allocated;
} block_header;
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typedef struct {
  size_t size;
  char   allocated;
} block_header;
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bp

   block_header       block_header   
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typedef struct {
  size_t size;
  char   allocated;
} block_header;
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bp

   block_header       block_header   

typedef struct {
  size_t size;
  char   allocated;
} block_header;
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sizeof(block_header)���16
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bp

   block_header       block_header   

typedef struct {
  size_t size;
  char   allocated;
} block_header;
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#define OVERHEAD sizeof(block_header)
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HDRP(bp) bp

   block_header       block_header   

typedef struct {
  size_t size;
  char   allocated;
} block_header;

����

����������������������������������������������������

#define HDRP(bp) ((char *)(bp) - sizeof(block_header))
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p bp

   block_header       block_header   

typedef struct {
  size_t size;
  char   allocated;
} block_header;
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#define GET_SIZE(p)  ((block_header *)(p))->size
#define GET_ALLOC(p) ((block_header *)(p))->allocated

����

��



�����������������������������������

NEXT_BLKP(bp)bp

   block_header       block_header   

typedef struct {
  size_t size;
  char   allocated;
} block_header;
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#define NEXT_BLKP(bp) ((char *)(bp) + GET_SIZE(HDRP(bp)))
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brk

        

void *first_bp;
 
int mm_init() {
  sbrk(sizeof(block_header));
  first_bp = sbrk(0);
 
  GET_SIZE(HDRP(first_bp)) = 0;
  GET_ALLOC(HDRP(first_bp)) = 1;
 
  return 0;
}
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brk

        

void *first_bp;
 
int mm_init() {
  sbrk(sizeof(block_header));
  first_bp = sbrk(0);
 
  GET_SIZE(HDRP(first_bp)) = 0;
  GET_ALLOC(HDRP(first_bp)) = 1;
 
  return 0;
}
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first_bp
brk

        

void *first_bp;
 
int mm_init() {
  sbrk(sizeof(block_header));
  first_bp = sbrk(0);
 
  GET_SIZE(HDRP(first_bp)) = 0;
  GET_ALLOC(HDRP(first_bp)) = 1;
 
  return 0;
}
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first_bp
brk
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void *first_bp;
 
int mm_init() {
  sbrk(sizeof(block_header));
  first_bp = sbrk(0);
 
  GET_SIZE(HDRP(first_bp)) = 0;
  GET_ALLOC(HDRP(first_bp)) = 1;
 
  return 0;
}
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first_bp
brk
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1

void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void extend(size_t new_size) {
  size_t chunk_size = CHUNK_ALIGN(new_size);
  void *bp = sbrk(chunk_size);
 
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_ALLOC(HDRP(bp)) = 0;
 
  GET_SIZE(HDRP(NEXT_BLKP(bp))) = 0;
  GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 1;
}
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void *mm_malloc(size_t size) {
  int new_size = ALIGN(size + OVERHEAD);
  void *bp = first_bp;
 
  while (GET_SIZE(HDRP(bp)) != 0) {
    if (!GET_ALLOC(HDRP(bp))
        && (GET_SIZE(HDRP(bp)) >= new_size)) {
      set_allocated(bp, new_size);
      return bp;
    }
    bp = NEXT_BLKP(bp);
  }
 
  extend(new_size);
  set_allocated(bp, new_size);
  return bp;
}
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void *mm_malloc(size_t size) {
  int new_size = ALIGN(size + OVERHEAD);
  void *bp = first_bp;
 
  while (GET_SIZE(HDRP(bp)) != 0) {
    if (!GET_ALLOC(HDRP(bp))
        && (GET_SIZE(HDRP(bp)) >= new_size)) {
      set_allocated(bp, new_size);
      return bp;
    }
    bp = NEXT_BLKP(bp);
  }
 
  extend(new_size);
  set_allocated(bp, new_size);
  return bp;
}
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void set_allocated(void *bp, size_t size) {
  size_t extra_size = GET_SIZE(HDRP(bp)) - size;
 
  if (extra_size > ALIGN(1 + OVERHEAD)) {
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 0;
  }
 
  GET_ALLOC(HDRP(bp)) = 1;
}
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void set_allocated(void *bp, size_t size) {
  size_t extra_size = GET_SIZE(HDRP(bp)) - size;
 
  if (extra_size > ALIGN(1 + OVERHEAD)) {
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 0;
  }
 
  GET_ALLOC(HDRP(bp)) = 1;
}
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void set_allocated(void *bp, size_t size) {
  size_t extra_size = GET_SIZE(HDRP(bp)) - size;
 
  if (extra_size > ALIGN(1 + OVERHEAD)) {
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 0;
  }
 
  GET_ALLOC(HDRP(bp)) = 1;
}
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void set_allocated(void *bp, size_t size) {
  size_t extra_size = GET_SIZE(HDRP(bp)) - size;
 
  if (extra_size > ALIGN(1 + OVERHEAD)) {
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 0;
  }
 
  GET_ALLOC(HDRP(bp)) = 1;
}

����

��



����������������������������

bp

                2
0

4
1

3
0

6
1

0
1

���size ≤�3��split

void set_allocated(void *bp, size_t size) {
  size_t extra_size = GET_SIZE(HDRP(bp)) - size;
 
  if (extra_size > ALIGN(1 + OVERHEAD)) {
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 0;
  }
 
  GET_ALLOC(HDRP(bp)) = 1;
}
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void set_allocated(void *bp, size_t size) {
  size_t extra_size = GET_SIZE(HDRP(bp)) - size;
 
  if (extra_size > ALIGN(1 + OVERHEAD)) {
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_ALLOC(HDRP(NEXT_BLKP(bp))) = 0;
  }
 
  GET_ALLOC(HDRP(bp)) = 1;
}
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void mm_free(void *bp) {
  GET_ALLOC(HDRP(bp)) = 0;
}
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void mm_free(void *bp) {
  GET_ALLOC(HDRP(bp)) = 0;
}
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typedef struct {
  size_t size;
  int filler;
} block_footer;
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typedef struct {
  size_t size;
  int filler;
} block_footer;
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typedef struct {
  size_t size;
  int filler;
} block_footer;
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#define OVERHEAD (sizeof(block_header)+sizeof(block_footer))
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typedef struct {
  size_t size;
  int filler;
} block_footer;
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#define PREV_BLKP(bp) ((char *)(bp)-GET_SIZE((char *)(bp)-OVERHEAD))
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typedef struct {
  size_t size;
  int filler;
} block_footer;
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#define FTRP(bp) ((char *)(bp)+GET_SIZE(HDRP(bp))-OVERHEAD)
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void extend(size_t new_size) {
  ....
  GET_SIZE(HDRP(bp)) = chunk_size;
  GET_SIZE(FTRP(bp)) = chunk_size;
  ....
}
 
void set_allocated(void *bp, size_t size) {
  ....
    GET_SIZE(HDRP(bp)) = size;
    GET_SIZE(FTRP(bp)) = size;
    GET_SIZE(HDRP(NEXT_BLKP(bp))) = extra_size;
    GET_SIZE(FTRP(NEXT_BLKP(bp))) = extra_size;
  ....
}
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void mm_free(void *bp) {
  GET_ALLOC(HDRP(bp)) = 0;
  coalesce(bp);
}
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void *coalesce(void *bp) {
  size_t prev_alloc = GET_ALLOC(HDRP(PREV_BLKP(bp)));
  size_t next_alloc = GET_ALLOC(HDRP(NEXT_BLKP(bp)));   
  size_t size = GET_SIZE(HDRP(bp));
  ....
 
  return bp;
}
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void *coalesce(void *bp) {
  size_t prev_alloc = GET_ALLOC(HDRP(PREV_BLKP(bp)));
  size_t next_alloc = GET_ALLOC(HDRP(NEXT_BLKP(bp)));   
  size_t size = GET_SIZE(HDRP(bp));
 
  if (prev_alloc && next_alloc) {           /* Case 1 */
    /* nothing to do */
  }
  ....
}
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void *coalesce(void *bp) {
  size_t prev_alloc = GET_ALLOC(HDRP(PREV_BLKP(bp)));
  size_t next_alloc = GET_ALLOC(HDRP(NEXT_BLKP(bp)));   
  size_t size = GET_SIZE(HDRP(bp));
  ....
 
  else if (prev_alloc && !next_alloc) {     /* Case 2 */
     size += GET_SIZE(HDRP(NEXT_BLKP(bp)));
     GET_SIZE(HDRP(bp)) = size;
     GET_SIZE(FTRP(bp)) = size;
  }
  ....
}
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void *coalesce(void *bp) {
  size_t prev_alloc = GET_ALLOC(HDRP(PREV_BLKP(bp)));
  size_t next_alloc = GET_ALLOC(HDRP(NEXT_BLKP(bp)));   
  size_t size = GET_SIZE(HDRP(bp));
  ....
 
  else if (!prev_alloc && next_alloc) {     /* Case 3 */
    size += GET_SIZE(HDRP(PREV_BLKP(bp)));
    GET_SIZE(FTRP(bp)) = size;
    GET_SIZE(HDRP(PREV_BLKP(bp))) = size;
    bp = PREV_BLKP(bp);
  }
   ....
}

����

bp

             4
0

4 5
0

5 4
1

4

����������
��������������

bp

             9
0

9 4
1

4

���



����������������������

void *coalesce(void *bp) {
  size_t prev_alloc = GET_ALLOC(HDRP(PREV_BLKP(bp)));
  size_t next_alloc = GET_ALLOC(HDRP(NEXT_BLKP(bp)));   
  size_t size = GET_SIZE(HDRP(bp));
  ....
 
  else {                                    /* Case 4 */
    size += (GET_SIZE(HDRP(PREV_BLKP(bp)))
             + GET_SIZE(HDRP(NEXT_BLKP(bp))));
    GET_SIZE(HDRP(PREV_BLKP(bp))) = size;
    GET_SIZE(FTRP(NEXT_BLKP(bp))) = size;
    bp = PREV_BLKP(bp);
  }
  ....
}
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int mm_init() {
 ....
 mm_malloc(0); /* never freed */
 ....
}

����

���


